Little is known about the preanalytical fluctuations of phosphoproteins during tissue procurement for molecular profiling. This information is crucial to establish guidelines for the reliable measurement of these analytes. To develop phosphoprotein profiles of tissue subjected to the trauma of excision, we measured the fidelity of 53 signal pathway phosphoproteins over time in tissue specimens procured in a community clinical practice. This information provides strategies for potential surrogate markers of stability and the design of phosphoprotein preservative/fixation solutions. Eleven different specimen collection time course experiments revealed augmentation (؎20% from the time 0 sample) of signal pathway phosphoprotein levels as well as decreases over time independent of tissue type, post-translational modification, and protein subcellular location (tissues included breast, colon, lung, ovary, and uterus (endometrium/myometrium) and metastatic melanoma). Comparison Elucidation of pathogenic protein signaling networks within tumors offers tremendous promise as a means to individualize molecular targeted cancer therapy. Despite this promise, the data obtained from a diagnostic assay applied to human tissue must be stable, reproducible, monitored, and validated; otherwise a clinical decision may be based on incorrect or biased information.
Modulation of ongoing cellular kinase activity represents one of the most rapidly growing arenas in new drug discovery. Identification of specific phosphoprotein signaling aberrations can be used for the development of targeted therapies for patients with lung, breast, colon, or other cancer (1) (2) (3) (4) (5) (6) . Profiling the tumor phosphoproteome using human tumor biopsy specimens is an important component of the strategy for individualized cancer therapy (1) (2) (3) (4) (5) (6) . Nevertheless unless we understand preanalytical variables affecting the fidelity of the phosphoproteome we will fail to utilize this rich repertoire of biological information.
The perishability of tissue molecules may be profoundly influenced by the timing and treatment of the tissue after it is harvested. Tissue is generally snap frozen to perform proteomics research studies. In a busy clinical setting, it may be impossible to immediately preserve procured tissue in liquid nitrogen. Moreover the time delay from patient excision to pathologic examination and molecular analysis is often not recorded and may vary from 30-min to many hours depending on the time of day, length of the procedure, time for pathologic examination, and number of concurrent cases.
Very little is known about the stability of phosphoproteins in human tissue following surgical procurement, e.g. with regard to the effects of time, method of preservation, organ and tissue of origin, and means of extraction on the yield and fidelity of classes of phosphoproteins. Measurements conducted in tissue may reflect reactive changes in the tissue unrelated to the pathologic state at the time of procurement. Moreover it is unclear whether phosphorylation of certain residues or certain classes of cellular proteins is more labile than that in other classes. The phosphorylated state of a signal protein at any point in time is a function of the balance between kinase and phosphatase enzymes acting on that protein. Because tissue is in a living state following procurement, both kinases and phosphatases remain active. Consequently as the procured tissue incubates in the surgery collection pan or on the pathologist's cutting board, the phosphorylated state of a given phosphoprotein can fluctuate upward or downward, depending on which specific phosphoprotein pathways become activated or suppressed ex vivo (7, 8) . Furthermore there exists no means to monitor the quality and yield of phosphoproteins starting from procurement through extraction and quantitative analysis (Fig. 1) .
In the present study we attempted to gather fundamental information about the ex vivo survival of tissue kinase pathways by (a) gathering previously unknown quantitative time course data tracking the stability of tissue phosphoproteins within human surgical tissue collected in the clinical operating room setting, (b) identifying the most labile phosphoproteins and their classes of signal pathways within the first several hours after procurement (Fig. 2) , (c) using the addition of phosphatase and kinase inhibitors to study the activity state of kinase pathways in the living tissue postprocurement ex vivo, and (d) interpreting this information to guide strategies for tissue procurement protocols and optimal tissue phosphoprotein stabilization chemistries.
EXPERIMENTAL PROCEDURES

Specimens and Patient Data
Surgical tissue specimens were collected from 11 patients under informed consent following an Institutional Review Board-approved protocol in a community hospital (Inova Fairfax Hospital, Fairfax, VA). Tissue was excised in the surgical suite following standard of care guidelines. Tissue was transported at room temperature to the surgical frozen section room. A board-certified pathologist performed gross examination of each tissue sample and provided non-diseased and/or diseased tissue that was not required for diagnosis. Tissue samples were obtained from the following organs: breast, colon, lung, ovary, uterus, and metastatic melanoma (Table I) .
Specimen 1: Uterus (Endometrium/Myometrium)-A 46 ϫ 25-mm section of non-diseased uterus from a vaginal hysterectomy was cut with a scalpel into 16 relatively homogeneous pieces (Tables I and II and Fig. 3 ). Two pieces of tissue, designated as time 0, were immediately processed by embedding one piece in a cryomold with Optimal Cutting Temperature compound (OCT;
1 Sakura, Torrence, CA) and then freezing on dry ice; the second piece was placed in a cryovial and snap frozen by immersion in liquid nitrogen (time 0 was 4 min postexcision). The remaining pieces were incubated at room temperature for 9, 16, 24, 34, 48, 60, or 91 min postexcision. Immediately following incubation, one tissue piece was embedded in a cryomold with OCT and frozen on dry ice. A second piece was placed in a cryovial and snap frozen. Tissue blocks/cryovials were stored at Ϫ80°C. Cryosections (8 m) were prepared from the OCT-embedded tissue blocks using a Tissue Tek (Leica) cryostat. The sections were stored at Ϫ80°C prior to staining with a modified hematoxylin and eosin procedure. Briefly the cryosections were fixed in 70% ethanol, stained in Mayer's hematoxylin, dehydrated in graded ethanol solutions, rinsed in xylene, and air-dried. Tissue sections were immediately solubilized in extraction buffer (tissue protein extraction reagent (T-PER) (Pierce), 2-mercaptoehtanol (Sigma), and 2ϫ SDSTris-glycine loading buffer (Invitrogen)) and denatured by heating for 8 min at 100°C (9 -11) . Tissue lysates were stored at Ϫ80°C.
Specimen 2: Colon-A 36 ϫ 25-mm section of non-diseased colon was cut with a scalpel into 10 relatively homogeneous pieces (Tables   1 The abbreviations used are: OCT, Optimal Cutting Temperature compound; AKT, protein kinase B; ATF-2, cyclic AMP-dependent transcription factor protein; AMPK, AMP-activated protein kinase; ANOVA, analysis of variance; ASK1, apoptosis signal-regulating kinase 1; CC, cleaved caspase; CREB, cAMP response element-binding protein; DCIS, ductal carcinoma in situ; EDT, excision delay time; EGFR, epidermal growth factor receptor; eIF4G, eukaryotic initiation factor 4G; eNOS, endothelial nitric-oxide synthase; ErbB, family of epidermal growth factor receptors; ERK, extracellular signal-regulated kinase; HSP, heat shock protein; GSK3␣␤, glycogen synthase kinase 3 protein; IB, inhibitor B, IRS-1, insulin receptor substrate; HBSS, Hanks' balanced salt solution; H&E, hematoxylin and eosin; MARCKS, myristoylated alanine-rich C-kinase substrate protein; mTOR, mammalian target of rapamycin; NFB, nuclear factor B protein; PAK1/2, p21-activated kinases 1 and 2; PDT, processing delay time; PKC, protein kinase C; p70S6, ribosomal protein S6 kinase; RPPA, reverse phase protein microarray; SAPK/JNK, stressactivated protein kinase/c-Jun NH 2 -terminal kinase; SEK1/MKK4, SAPK/ERK kinase 1/mitogen-activate protein kinase kinase 4; STAT, signal transducers and activator of transcription; TSC2, tuberous sclerosis complex 2; VEGF, vascular endothelial cell growth factor; VEGFR, vascular endothelial cell growth factor receptor.
FIG. 1. Preanalytical variables during tissue acquisition.
Categories of preanalytical variables are divided into EDT and PDT. EDT is the time between tissue excision and initiation of specimen preservation (e.g. freezing or fixation); PDT is the time period between sample preservation and molecular analysis (e.g. immunoassay, mass spectrometry, or gene transcript array). FNA, fine needle aspiration. 
Tissue Phosphoprotein Stability
I and II and Fig. 4 ). Tissue was processed as described for specimen Snap frozen tissue samples were weighed on an analytical balance (Mettler-Toledo) and then pulverized using a Bio-Pulverizer (Research Products International) or a mortal and pestle on dry ice. Protein extraction buffer was added directly to the frozen pulverized tissue. The lysates were denatured by heating at 100°C for 8 min. Lysates were stored at Ϫ80°C.
Evaluation of Storage Temperature and Preservative Solutions: Specimen 7: Uterus (Endometrium and Myometrium)
To evaluate the effect of storage temperature conditions on posttranslationally modified proteins over time, a 25 ϫ 25-mm crosssection of intact uterine tissue (endometrium/myometrium) was cut into 24 relatively homogeneous pieces (Tables I and II) . Time 0 was 30 min postexcision. Four pieces of tissue were incubated at 4°C for 45, 60, 90, or 120 min postexcision (Fig. 7A ). An additional four pieces of tissue were incubated at room temperature (Fig. 7B) . Tissue was processed as described for specimen 5.
To evaluate the effect of preservative chemistries and phosphatase inhibitors on cellular histomorphology, one of the remaining 15 pieces of tissue was immersed in each of the following solutions 45 min postexcision (see Fig. 13 ). Base solutions were Cytolytா (Cytyc Corp., Marlborough, MA), ethanol (Sigma), methanol (Sigma), or Hanks' balanced salt solution (HBSS) (ThermoFisher, Pittsburgh, PA) with one or more of the following additives: polyethylene glycol (ThermoFisher), Complete TM protease inhibitor tablet (Roche Applied Science), sodium orthovanadate (Sigma), and ␤-glycerophosphate (EMD Bio- sciences/Calbiochem). Tissue was removed from solution after 24 h, embedded in OCT, and frozen on dry ice. Tissue was processed as described for specimen 1.
Precision Studies Using Homogeneous Tissue: Specimen 8: Uterus Leiomyoma (Myometrium)
A 25 ϫ 5-mm cross-section of a uterine leiomyoma was cut into 24 uniform, 4 ϫ 4.5-mm cores using a 4-mm Keyes dermal punch (Tables I and III (Table  III) . Cryosectioning and tissue lysis was performed as for specimen 6.
Effects of Phosphatase and Kinase Inhibitors
Specimen 9: Breast (Fibroadenoma) with Surrounding Stroma/Adipose Tissue-Two 10 ϫ 5-mm breast tissue samples containing tumor, stroma, and adipose tissue were cut into six pieces with a scalpel (Table I and Fig. 11 ). Six samples were immersed in a solution of ethanol, polyethylene glycol, HBSS, sodium orthovanadate, ␤-glycerophosphate, staurosporine, and genistein 138 min postexcision. Duplicate samples were removed from solution after 5 min, 90 min, and 24 h; embedded in OCT; and frozen on dry ice. Cryosections were prepared as described for specimen 1. 
Reverse Phase Protein Microarrays (RPPAs)
Protein Microarray Construction-Cellular lysates were printed on glass-backed nitrocellulose array slides (FAST Slides, Whatman, Florham Park, NJ) using an Aushon 2470 arrayer (Aushon BioSystems, Burlington, MA) equipped with 350-m pins as described previously (9) . Cellular lysates prepared from A431 Ϯ epidermal growth factor, HeLa Ϯ pervanadate (BD Biosciences), or Jurkat Ϯ calyculin (Cell Signaling Technology, Danvers, MA) cell lines were printed on each array for quality control assessments. Human endothelial Ϯ pervanadate (BD Biosciences) cellular lysates were printed on arrays for sensitivity and precision comparisons (Fig. 2) . Immunostaining was performed as described previously (9) nant prostate-specific antigen molecules, microdissected tissue samples, and fine needle aspirates have been reported previously (3, 10, 11) . Because of variation in robotic array printing devices we determined inter-and intraslide precision for the Aushon 2470 arrayer using human endothelial cell lysates treated with pervanadate as a model of phosphorylated VEGF receptor sensitivity and precision. Human endothelial cells are known to express ϳ100,000 VEGF receptors/cell. Sensitivity of the arrays using anti-VEGF receptor (VEGFR) Tyr-951 as the primary antibody was found to be 3,660 receptor molecules as indicated by the ability to detect signal greater than 2 S.D. above background (Fig. 2) . To determine interslide precision, human endothelial cells treated with pervanadate were printed on RPPAs in 2-fold serial dilutions (undiluted to 1:2,048) in duplicate on eight slides and probed with anti-VEGFR Tyr-951. The mean spot intensity for each dilution was calculated and plotted as a dose-response curve based on the estimated number of VEGF receptors per cell. Excellent dose-response curves were observed between arrays (coefficient of variation, 4.0 -17.8%, n ϭ 8, R 2 ϭ 0.9761). Within-run variation (n ϭ 12) was found to be within 5.0 -18.1% with good linearity (R 2 ϭ 0.9693) (Fig. 2, inset) . Post-translationally Modified Cell Signaling Proteins-53 signal pathway proteins representing phosphorylated, cleaved, or total protein end points from various subcellular compartments (membrane-bound receptors, cytoplasm, mitochondria, and nucleus) were quantitatively measured by RPPA (Table V) . Antibodies were extensively validated for specificity (12) . End points were selected based on their expected involvement in cellular signaling pathways: hypoxia/ ischemia, proliferation/survival, adhesion/cytoskeleton structure, stress/inflammation, or apoptosis. Post-translational modifications, such as caspase cleavage or phosphorylation of specific serine, threonine, or tyrosine residues, were spe- Tissue Phosphoprotein Stability cifically chosen as representative analytes for assessing fluctuations in cellular proteins over time.
Procurement and Time to Preservation Vary in a Hospital
Clinical Setting-The initial specimen collection time course experiments were designed to examine, in a community hospital clinical setting, current specimen collection practices for molecular studies (Table I ). The average time we could procure and commence tissue processing was 19.3 min postexcision for uterus, colon, lung (normal and squamous cell carcinoma), ovarian, breast, and metastatic melanoma tissue. The earliest time to process tissue was 4 min (uterus, specimen 1), whereas the longest time was 40 min (colon, specimen 2). Tissue sample size varied from 10 ϫ 5 mm (lung, specimens 3 and 4) to 4 ϫ 3.5 cm (breast specimen 10).
Tissue Is Alive and Reacting to Environmental Stresses Postprocurement-All tissue specimens evaluated revealed augmentation (Ϯ20% from the time 0 sample) of phosphoprotein levels as well as decreases over time independent of tissue type, post-translational modification, and subcellular location (Tables II-IV post-translationally modified protein levels over time (Table II  and (EGFR Tyr-1148 and GSK3␣␤ Ser-21/9), hypoxia/ischemia (p38 Thr-180/Tyr-182), and stress/inflammation (STAT1 Tyr-701) with concomitant decreases in IB Ser-32 (Fig. 5B ).
Ovarian tissue (specimen 6) procured, incubated, and analyzed in duplicate exhibited fluctuations over time for a variety of protein end points associated with stress, adhesion, proliferation/survival, cell cycle, and hypoxia pathways ( Table I the tissue time course specimens analyzed in this study included a wide variety of tissues and pathologies. An important question was: do classes of phosphoproteins exist that fluctuate in a similar manner independent of tissue type? For specimens 1-5 and specimen 7, general classes of proteins exhibited increases over time compared with the time 0 sample (Table II) . Increases were noted for CC3 Asp-175 (apoptosis) in four of six specimens; p38 Thr-180/Tyr-182 (hypoxia/ischemia) in three of six specimens; AKT Thr-308 (three of five specimens), ERK Thr-202/Tyr-204 (three of six specimens), GSK3␣␤ Ser-21/9 (three of five specimens), and IRS-1 Ser-612 (three of six specimens) (proliferation/survival); and STAT1 Tyr-701 (transcription factor) in four of six specimens. Loss of phosphoprotein levels was noted in five of six specimens for AKT Ser-473 (proliferation/survival) and MARCKS Ser-152/156 (stress/inflammation). Uterine tissue (specimen 7) incubated at either 4°C (Fig. 7A ) or room temperature (Fig. 7B ) exhibited similar perturbations, including activation and deactivation, in several classes of kinases over time. Although the magnitude of the changes for CC3 Asp-175, CC9 Asp-330, and ASK1 Ser-83 were somewhat reduced over time for the samples incubated at 4°C, a marked change from the initial sample (time 0) was observed, similar to the increases noted at room temperature.
Classes of Phosphoprotein Pathway Fluctuations in Various Tissues-As summarized in
Leiomyoma tissue (specimen 8; Table III Heterogeneous breast tissue (specimen 10; individual p values are listed in Table IV) L858R mutant cells with 1 mM pervanadate solution. Sustained increases in serine and tyrosine phosphorylation in the cell line models were noted (data not shown).
To assess the effects of phosphatase inhibitors within intact tissue in a liquid-based preservative solution, we immersed fresh tissue in HBSS with or without phosphatase inhibitors (sodium orthovanadate and ␤-glycerophosphate) or kinase inhibitors (genistein and staurosporine). Duplicate breast tissue (epithelium, tumor, and adipose tissue) (specimen 10) samples incubated in HBSS plus phosphatase inhibitors confirmed the presence of elevated levels of phosphoproteins over time compared with untreated tissue (HBSS only) because of the continued activity of kinases (Fig. 9) . EGFR Tyr-1148, STAT1 Tyr-701, and SAPK/JNK Thr-183/Tyr-185 exhibited elevated phosphorylation in the presence of phosphatase inhibitors over time compared with untreated tissue. The same end points showed a lack of elevation over time in the presence of kinase inhibitors. Phosphatase and kinase inhibitors did not show a notable effect on CC7 Asp-198 compared with incubation in HBSS only perhaps because of the lack of a direct phosphorylation event required for caspase activation (Fig. 9D) .
We repeated this experiment with metastatic melanoma tissue (specimen 11). As shown in Fig. 10 , for 39 phosphoprotein end points measured, 85% were elevated following phosphatase inhibitor treatment, whereas 85% were suppressed following kinase inhibitor treatment (Fig. 10) . This treatment effect was most prominent at early time points in keeping with the early elevation of phosphoprotein end points shown in Fig. 9 . At 90 min, phosphatase inhibitor treatment continued to augment the levels of a subset of proteins compared with untreated tissue. A subset, including JNK Thr-183/ Tyr-185, ASK1 Ser-183, SHIP1 Tyr-1020, eIF4G Ser-1108, and S6 ribosomal protein Ser-240/244, remained elevated after 90 min compared with the untreated tissue. In contrast, the levels of cleaved caspases were not altered by the kinase or phosphatase inhibitor treatment of the tissue (Fig. 10) . These data strongly support the conclusion that kinase pathways containing the phosphoproteins being measured are active and reactive in the tissue for at least 90 min following tissue procurement.
Phosphatase plus Kinase Inhibitors Stabilize Phosphoprotein Fluctuations over 90 Min-Because the experiments above demonstrated that kinase pathways remained reactive ex vivo we tested the hypothesis that a combination of phosphatase and kinase inhibitors would suppress phosphoprotein fluctuations by blocking both kinase and phosphatase activities on the phosphoprotein substrates. Six breast fibroadenoma tissue pieces (specimen 9) were immersed in a solution of ethanol, polyethylene glycol, HBSS, sodium orthovanadate, ␤-glycerophosphate, staurosporine, and genistein 138 min postexcision. Morphological examination of the tissue samples at 5 min, 90 min, and 24 h postincubation in the fixative solution containing phosphatase and kinase inhibitors revealed the presence of mainly adipose tissue in the 24-h sample (hematoxylin and eosin (H&E) stain; data not shown). Therefore, data for the 24-h time point was not used for comparison because of lack of tissue homogeneity with the samples fixed for 5 and 90 min. Proteins that we expected to increase Ϯ20% (ATF- specimens 10 and 11 appeared to be stabilized over the 90-min time period in the presence of kinase and phosphatase inhibitors (Fig. 11) . In contrast, these same phosphoproteins increased in the presence of a phosphatase inhibitor alone (Fig. 9 ). This stabilization of labile phosphoproteins was confirmed in a separate tissue sample examined at 30, 60, and 90 min postprocurement (metastatic melanoma) (Fig. 12) .
Histomorphology and Phosphoprotein Preservation in the Presence of Kinase and/or Phosphatase Inhibitors-Histology preservation and morphology was compared for uterine endometrium/myometrium (specimen 7) tissue incubated in candidate preservative solutions containing phosphatase and protease inhibitors with methanol or ethanol with a standard frozen section preparation (Fig. 13) . Adequate cellular morphology was seen with an H&E stain for the frozen section (Fig. 13A) . Tissue incubated in either the methanol-based or ethanol-based solution containing phosphatase and protease inhibitors revealed excellent cellular color and nuclear detail with minimal cell shrinkage (Fig. 13, B and C) .
DISCUSSION
This study provides previously unknown quantitative information about the stability of 53 tissue phosphoproteins and signal pathway proteins at room temperature following collection of surgical specimens in the setting of a community hospital. The results support the conclusion that kinase pathways remain active and reactive during the immediate ex vivo period. These data have profound implications for tissue collection protocols, tissue banking, and development of preservative chemistries for molecular profiling of proteins.
Tissue Acquisition and Accessibility-Tissue is generally procured for pathologic examination in three main settings: (a) surgery in a hospital-based operating room, (b) biopsy conducted in an outpatient clinic, and (c) image-directed needle biopsies or needle aspirates conducted in a radiologic suite. The first questions we needed to address in this study were: 1) what is the accessibility of tissue for research in a community hospital setting? and 2) how long are tissue proteins, particularly phosphoproteins, stable? Fig. 1 depicts the two categories of variable time periods that define the stability intervals for tissue procurement. Time point A is defined as the moment tissue is excised from the Given the complexity of patient care settings, during the EDT the tissue may reside at room temperature in the operating room or on the pathologist's cutting board, or it may be refrigerated in a specimen container. The second variable time period is the processing delay time (PDT). At the beginning of this interval the tissue is immersed in a preservative solution or stored in a freezer. At the end of this interval, time point C, the tissue is subjected to processing for molecular analysis. In addition to the uncertainty about the length of these two time intervals, a host of known and unknown variables can influence the stability of tissue molecules during these time periods. These include 1) temperature fluctuations prior to fixation or freezing; 2) preservative chemistry and rate of tissue penetration; 3) size of the tissue specimen; 4) extent of handling, cutting, and crushing of the tissue; 5) fixation and staining prior to microdissection or histologic processing; and 6) tissue hydration and dehydration.
Tissue was selected for study based on 1) availability (excess tissue not required to render diagnosis), 2) organ/tissue type (epithelial/fibrous), and 3) disease status (normal/benign/ diseased). The majority of the diseased tissue sample (squamous cell carcinoma, breast fibroadenoma, and metastatic melanoma) was required for diagnosis. Therefore the sample size available for research for the diseased tissue (cancer) was much smaller compared with normal/benign tissue samples (uterus/leiomyoma and colon). Laser microdissection was not performed on these samples in order to analyze the total repertoire of all cell signaling classes in a variety of cellular phenotypes. H&E-stained tissue sections were evaluated for confirmation of tissue type (data not shown), and contiguous tissue cryosections were analyzed as a means of maintaining tissue block homogeneity.
The average time from specimen excision to preservation was 19.3 min with a range of 4 -40 min. Factors affecting these times were (a) proximity of the surgery suite to the pathology area, (b) number and size of specimens submitted, (c) request for pathology frozen section evaluation, (d) number of concurrent surgical cases, and (e) efficiency of sample collection coordination between surgical, pathology, and research staff.
Collection of research samples should not interfere with standard of care in a clinical setting. As such, routine specimen collection protocols for diagnosis were followed in all cases. This requirement profoundly limited the volume of clinical tissue that could be released for research purposes. Samples were routinely transported in closed polypropylene or polystyrene containers without additional fluids. We observed that a high degree of coordination was needed between surgical, pathology, and research teams to effectively FIG. 13 . A precipitating fixative with phosphatase and protease inhibitors retains full tissue histomorphology. A, frozen section H&E stain of uterine endometrium and myometrium. B, H&E stain of uterine endometrium and myometrium postincubation in a preservative solution containing methanol, polyethylene glycol, protease inhibitor, sodium orthovanadate, and ␤-glycerophosphate. C, H&E stain of uterine endometrium and myometrium postincubation in a preservative solution containing ethanol, polyethylene glycol, protease inhibitor, sodium orthovanadate, and ␤-glycerophosphate. G, endometrial glands; S, stroma. communicate research project requirements such as specimen type and handling. Community hospitals and clinics often rotate staff assignments, unlike research entities in which dedicated staff oversee a project, necessitating timely communication between the groups. We noted some common pathology gross examination practices that should, at the very least, be noted as part of the research record because of their potential impact on molecular analyses. One practice we observed was the rinsing of tissue in running tap water to remove excess blood prior to the initial dissection of the specimen (specimen 6, ovarian mucinous adenocarcinoma). This practice may cause tissue osmotic shock (rapid hydration and changes in temperature). Depending on the sensitivity of the research assay, this may confound the molecular analysis.
Tissue Signal Pathway Phosphoproteins Fluctuate ex Vivo at Room Temperature-Previously quantitative data did not exist for the effects of time, method of preservation, organ and tissue of origin, and means of surgical extraction on the yield and fidelity of classes of phosphoproteins in human tissue procured in a typical surgical environment. To date, clinical preservation practices (e.g. to preserve proteins) routinely rely on protocols that are decades old, such as formalin fixation, and are designed to preserve specimens for histologic examination (13, 14) . Although it is now possible to extract proteins from formalin-fixed tissue, formalin penetrates tissue at a rate of less than 1 mm/h (13) . During this time delay period the portion of living tissue deeper than several millimeters would be expected to undergo significant fluctuations (Figs. 3-8 ) with respect to phosphoprotein analytes (15) . Because the dimensions of the tissue and the depth of the block for which the samples are obtained are unknown variables, formalin fixation would be expected to cause pronounced variability in phosphoprotein levels for molecular diagnostics.
For the few studies that have been conducted in the past concerning the stability of proteins and phosphoproteins in tissue, the main analytical tool has been immunohistochemistry with incidental use of Western blots (7, 8) . Baker et al. (7) reported disparities of AKT Ser-473 staining in human surgical sections compared with biopsy samples, all of which were fixed in 10% buffered formalin. One of the uncontrolled aspects of this prior study was the standardization of tissue sample size such that the formalin penetration rate and thus the rate of protein fixation were not similar in both study sets. Thus conclusions regarding the rate of decline in AKT Ser-473 activity should be judged in the context of tissue size, formalin penetration rate, and the depth of the tissue that was used for analysis in relation to overall size of the tissue block.
Immunohistochemistry is valuable for cellular localization information but cannot be considered a true quantitative tool at least because immunohistochemistry lacks sensitivity and quantitation for phosphoproteins (16) . This reflects the fact that antibody reactivity is a complex product of antigen availability within the permeabilized cell, the chemistry and timing of fixation, level of cross-linking, and antigen retrieval. Immunohistochemistry is thousands of times less sensitive than alternative molecular procedures, such as direct extraction and solubilization for protein microarray analysis (10, 11) . Western blotting is non-quantitative and is 100 -1000 times less sensitive compared with quantitative protein microarray analysis.
Measurement of protein signaling molecules may provide key information for individualized therapy because the protein signaling molecules constitute the actual drug targets of molecular inhibitors. Despite this promise, molecular profiling can never be translated to patient benefit unless the fundamental problem of how to minimize preanalytical fluctuations of proteins, particularly post-translationally modified proteins, in tissue samples is solved. The instant a tissue biopsy is removed from a patient the cells within the tissue react and adapt to the absence of vascular perfusion, ischemia, hypoxia, acidosis, accumulation of cellular waste, absence of electrolytes, and temperature changes. In as little as 30 min postexcision (Figs. [3] [4] [5] , drastic changes can occur in the protein signaling pathways of the biopsy tissue as the tissue remains in the operating room suite or on the pathologist's cutting board. To address the uncertainties of molecular preservation, freezing the tissue has been the major conventional method to preserve RNA and protein molecules (17, 18) . The tissue is placed in liquid nitrogen or embedded in cryoprotectant medium and transported on dry ice. Although freezing may preserve RNA and protein pathway signatures, it is impractical for routine use in the clinic as many physician offices and operating rooms are not equipped with these reagents. Moreover frozen material is inadequate for routine pathological diagnosis, which requires chemical fixation of the tissue to maintain cellular morphology. In addition, freezing does not solve the problem of the unknown or unknowable time delay following removal of the tissue from the patient during surgery.
We have shown, with biological and experimental replicates, the dynamic nature of cell signaling pathways postexcision (Figs. 6, 8, and 9 ). Tissue biopsies can no longer be viewed as non-reactive or unchanging after procurement. The excised living tissue is likely reacting to environmental stress and the wounding insult. Cascades of molecular events due to cytokine release, hypotension, vascular stasis, decreases in glucose concentration, and temperature and oxygen saturation potentially contribute to the previously unrecognized activation and/or deactivation of stress, hypoxia, survival, and apoptotic pathways within excised tissue (Fig. 14) .
Conventional wisdom dictates that tissue should be stored at 4°C if a processing delay is expected or likely. Based solely on classical enzyme kinetics one would surmise that this practice would delay or suppress cellular kinase and phosphatase activity in tissue samples (19) . In the case of replicate uterine tissue samples incubated at 4°C and room temperature (Fig. 7) fluctuations in kinase substrates were exhibited at both temperatures, although there was apparent reduction of kinase activity over time for the refrigerated samples. In the absence of preservative chemistries or immediate processing (freezing), the recommendation is to freeze tissue within 20 min of excision to preserve the state of phosphoproteins. The effect of refrigeration in comparison with room temperature storage is the subject of an on-going, in-depth study.
Each tissue specimen behaved somewhat differently over time with regard to phosphoprotein fluctuations (Tables II-IV) . Presumably this is a reflection of the survival struggle of the tissue overlaid by the pathological state and the cellular composition of the individual tissue. As expected, this time course study revealed tissue phosphoprotein fluctuations that were potentially influenced by neoplastic state or tissue of origin and other factors that appear independent of tissue histology. Those tissue-specific classes of proteins that changed over time may reflect the predominant pathways normally in use in that particular tissue. Interestingly in both leiomyoma and breast tissue (DCIS with surrounding adipose and stromal tissue) eNOS Ser-1177 was the only protein in common of those studied that did not change over time.
These data constitute the first systematic attempt to quantitatively explore the stability of disease-relevant phosphoproteins in freshly obtained human tissue specimens. As such a variety of specimen tissue types and pathologic states were investigated to answer basic questions such as (a) are the phosphoproteins changing at all?, (b) what is the direction of change?, (c) what is the reason for the phosphoprotein changes?, and (d) how can this guide the design of improved room temperature preservative chemistries? We did obtain answers to these fundamental questions. Nevertheless the data generated are limited to the specimen types available. Because we did not evaluate all classes of tissue and organs, nor a wide variety of pathologies, nor a series of matched normal and cancer specimens from the same patient, these conclusions cannot be generalized with regard to organ-or cancer-specific phosphoprotein differences. These findings support the important need for future in-depth investigation of the fluctuations of protein signaling and post-translational modifications ex vivo following tissue procurement. Gathering these data are a necessary step before a phosphoprotein end point is selected for use as a clinical predictor (see guidelines for tissue procurement in Table VI ). Moreover the ex vivo fluctuations in the reactive and reacting signal pathways of cancer cells may be different compared with their normal counterpart. This knowledge could provide insights into the adaptation of cancer cells in the native tissue to hypoxic and metabolic stress.
Phosphoprotein Stability: the Balance between Kinases and Phosphatases: Implications for Preservation ChemistryPhosphorylation and dephosphorylation of structural and regulatory proteins are major intracellular control mechanisms (20) . Protein-tyrosine phosphatases remove phosphate groups from phosphorylated tyrosine residues of proteins. Protein-tyrosine phosphatases display diverse structural features and play important roles in the regulation of cell proliferation, differentiation, cell adhesion and motility, and cytoskeletal function (21) . At any point in time within the cellular microenvironment, the phosphorylated state of a protein is a function of the local stoichiometry of associated kinases and phosphatases specific for the phosphorylated residue. During the ex vivo time period, if the cell remains alive, phosphorylation of certain kinase substrates may transiently increase because of the persistence of functional signaling, activation
